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Abstract
We analyze the effects of CP -violating phases on the electric dipole moment
(EDM) of electron and neutron in the constrained minimal supersymmetric
model. We find that the phases ϕµ and ϕA0 have to be strongly correlated,
in particular for small values of the SUSY mass parameters. We calculate
the neutron EDM in two different models, the Quark–Parton Model and the
Chiral Quark Model. It turns out that the predictions are quite sensitive to
the model used. We show parameter regions in the M0-M1/2 plane which
are excluded by considering simultaneously the experimental bounds of both
electron and neutron EDM, assuming specific values for the phases ϕµ and
ϕA0 .
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I. INTRODUCTION
The electric dipole moments (EDMs) of electron and neutron are important observables
for testing our ideas of CP -violation. In the standard model (SM), only one CP -violating
phase exists in the Cabbibo-Kobayashi-Maskawa matrix. The predictions for the EDMs are
extremely small, since the first nonzero contributions arise at two-loop level. They are several
orders of magnitude smaller than the experimental limits [1]. Therefore, the EDMs are well
suited for testing physics beyond the standard model [2].
In supersymmetric (SUSY) extensions of the standard model, additional CP -violating
phases are possible. Moreover, the first nonzero contribution to the EDM already shows
up at one-loop level. In particular, in the minimal supersymmetric standard model (MSSM)
complex parameters can be introduced in the mixing matrices of squarks, sleptons, charginos
and neutralinos, therefore yielding more possible sources of CP -violation. In weak–scale
SUSY, the masses of the lightest supersymmetric particles are expected to be between 100
GeV and 1 TeV. In this case, the EDMs can easily be much larger then the experimental
limits and yield constraints on the CP -violating phases and on the other parameters of the
MSSM. The conclusion would be that either the phases are small or the masses are large [3,4].
Other arguments like the electroweak origin of the cosmological baryon asymmetry (BAU),
however, would favor large CP -violating phases with relatively small masses [5]. Therefore,
more careful analyses of the supersymmetric contributions to the EDM are necessary to
clarify the situation.
A suitable framework for numerical calculations in SUSY is the constrained MSSM,
also called minimal supergravity–inspired model (mSUGRA) [6]. In this model universality
of the soft SUSY–breaking parameters at the grand unification (GUT) scale is assumed.
Parameters of the model are the common gaugino mass M1/2, the common scalar mass M0,
the common trilinear scalar coupling parameter A0, and tan β = v2/v1, with v1,2 being the
vacuum expectation values of the two Higgs fields. The number of independent complex
phases can be reduced to two. The masses at the electroweak scale are determined by using
renormalization group equations (RGEs). Such an approach to constrain the phases has
recently been used in [7] and [8].
An important aspect in the calculation of the SUSY contributions to the EDMs of elec-
tron (eEDM) and neutron (nEDM) is the fact that strong cancellations between the different
contributions can occur. This has been particularly emphasized in [9], where the nEDM and
eEDM in mSUGRA with two complex phases have been analyzed. Due to this cancellations,
the bounds on the phases are less restrictive then those found in previous analyses. Addi-
tional constraints on the phases originating from the cosmological bounds on the relic density
of neutralinos have been studied in [10]. A different point of view has been presented in [11]
where a model with seven independent phases at the electroweak scale has been assumed.
Also in this analysis it was found that various cancellations between different contributions
occur, and that in large regions of the parameter space the phases are not necessarily small.
In our paper we analyze the eEDM and the nEDM simultaneously in mSUGRA with
complex phases ϕµ and ϕA0, which are the phases of the higgsino mass parameter µ and the
trilinear scalar coupling parameter A0. We use RGEs to calculate particle masses, couplings,
and phases at the electroweak scale from the input parameters at the GUT scale. We confirm
the importance of cancellations. We find that quite general the cancellations occur between
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the two most important contributions, which are the chargino and neutralino contribution
in the case of the eEDM and the chargino and gluino contribution in the case of the nEDM.
Furthermore, the cancellations are only possible if the phases ϕµ and ϕA0 are strongly
correlated, in particular for small SUSY particle masses. In this case ϕµ is strongly restricted.
For the nEDM, there is also the problem of evaluating the hadronic matrix element. We use
two different approaches, one based on the Quark–Parton Model [12], and a second one
based on the Chiral Quark Model [13]. We find that the predictions for the nEDM are very
different for the two models used. We show the regions in the M0-M1/2 plane which are
excluded by the experimental bounds for both EDMs for specific values of the phases ϕµ
and ϕA0. Finally, we also introduce an additional phase ϕ3 for the gluino mass parameter
and study its influence. We find that also ϕ3 is strongly restricted.
In Sec. II we give the expressions for the various contributions for eEDM and the quark
EDMs, including the chromoelectric and purely gluonic dimension-six operator. We calculate
the nEDM in terms of the quark EDMs in the two different models. In Sec. III we determine
the phases and MSSM parameters at the electroweak scale using the RGEs. In Sec. IV we
give the numerical analysis of the EDMs within mSUGRA and a discussion of the results.
A summary is given in Sec. V. Explicit forms of the mass matrices for sfermions, charginos,
and neutralinos, as well as the expressions for the RGEs are given in the Appendices.
II. CONTRIBUTIONS TO THE EDM OF ELECTRON AND NEUTRON
The EDM of a spin-1
2
particle is the coefficient df of the effective operator
LE = −(i/2)df f¯γ5σµνfF µν . (2.1)
We calculate the supersymmetric contributions to the EDMs of electron and quarks at one–
loop level. In the case of the electron EDM we include chargino–sneutrino and neutralino–
selectron loops. In the light quark case we include chargino–squark, neutralino–squark, and
gluino–squark loops. For the chromoelectric dipole moments of quarks we include chargino–
squark, neutralino–squark, and gluino–squark loops, whereas the gluonic dimension–six op-
erator gets contributions from loops containing top quark, top squark, and gluino.
The parts of the SUSY Lagrangian that are necessary to calculate the one–loop contri-
butions mentioned above are
Lf¯ χ˜0
k
f˜m
= g f¯ (af˜mkPR + b
f˜
mkPL) χ˜
0
k f˜m , (2.2)
Lf ′ χ˜+
k
f˜m
= g f¯ ′ (lf˜mkPR + k
f˜
mkPL) χ˜
+
k f˜m , (2.3)
Lq¯ g˜ q˜m = −(gs/
√
2) q¯ λa
(
e
i
2
ϕ3Rq˜ ∗m1PR − e−
i
2
ϕ3Rq˜ ∗m2PL
)
g˜a q˜m , (2.4)
where g and gs are the electroweak and strong coupling constants, respectively, PL,R =
(1 ∓ γ5)/2, a = 1 . . . 8 are the gluino color indices, λa are the Gell-Mann matrices, ϕ3 is
the phase of the soft–breaking gluino mass. To simplify the notation the quark and squark
color indices are suppressed. The scalar fields f˜L and f˜R are linear combinations of the mass
eigenstates f˜1,2:
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(
f˜1
f˜2
)
= Rf˜
(
f˜L
f˜R
)
, (2.5)
where Rf˜ is the unitary diagonalization matrix defined in Eq. (A8). Note that Rf˜ depends
on the phases ϕµ and ϕA0 via the off diagonal entry of the squark mass matrix, see Eq. (A5)
and Table I. The couplings are defined as (we use the notation of [14]):
lν˜mj = −δm1Vj1 , (2.6a)
lu˜mj = −Ru˜ ∗m1Vj1 + YuRu˜ ∗m2Vj2 , (2.6b)
le˜,d˜mj = −Re˜,d˜ ∗m1 Uj1 + Ye,dRe˜,d˜ ∗m2 Uj2 , (2.6c)
kν˜mj = Yeδm1U
∗
j2 , (2.7a)
ke˜mj = 0 , (2.7b)
ku˜mj = YdRu˜ ∗m1U∗j2 , (2.7c)
kd˜mj = YuRd˜ ∗m1V ∗j2 , (2.7d)
af˜mj = Rf˜ ∗m1f f˜Lj +Rf˜ ∗m2hf˜Rj , (2.8a)
bf˜mj = Rf˜ ∗m1hf˜Lj +Rf˜ ∗m2f f˜Rj , (2.8b)
huLj = Yu(sin βN3j − cos βN4j) , (2.9a)
huRj = Yu(sin βN
∗
3j − cos βN∗4j) = hu∗Lj , (2.9b)
he,dLj = −Ye,d(cos βN3j + sin βN4j) , (2.9c)
he,dRj = −Ye,d(cos βN∗3j + sin βN∗4j) = he,d ∗Lj , (2.9d)
f fLj = −
[
Qf sin 2θWN
∗
1j + (1− 2Qf sin2 θW )N∗2j
]
/(
√
2 cos θW ) , (2.10a)
f fRj =
[
Qf sin 2θWN1j + (−2Qf sin2 θW )N2j
]
/(
√
2 cos θW ) , (2.10b)
Yu =
mu√
2mW sin β
, (2.11a)
Ye,d =
me,d√
2mW cos β
. (2.11b)
Qf and Yf are electric and Yukawa couplings of the fermion f , θW is the Weinberg angle,
and tanβ = v2/v1 is the ratio of the Higgs vacuum expectation values v1 and v2. U and V
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are the unitary matrices which diagonalize the chargino mass matrix, Eq. (B1). Nαj is the
unitary matrix which diagonalizes the complex symmetric neutralino mass matrix, Eq. (C3).
For diagonalizing we use the singular value decomposition.
A generic form for the one–loop EDM of spin-1/2 particles due to exchange of fermions
and scalar particles has been worked out in [15]. Extensions of the EDMs to the full electric
and weak dipole moment form factors for the top quark have been given in [16]. A non–
vaninshing EDM demands a change in chirality of the external fermion and involves the
imaginary parts of the couplings. In the following we give the complete analytic expressions
for the individual one–loop contributions. We have compared our results with [9,11] and
found agreement.
A. Chargino Contribution
The chargino contribution to the EDM of the fermion f is given by
1
e
dfχ˜+ =
α
4pi sin2 θW
2∑
m,j=1
Im [Γfmj ]
mχ˜+j
m2
f˜ ′m

Qf ′B(m
2
χ˜+j
m2
f˜ ′m
) + (Qf −Qf ′)A(
m2
χ˜+j
m2
f˜ ′m
)

 , (2.12)
where α = e2/(4pi) and e = g sin θW . f
′ is the isospin partner of f in the SU(2)–doublet.
Neglecting the mass of the external fermions (in our case electron, up, down, and strange
quark) the functions A and B have the simple form [15]
A(r) =
1
2(1− r)2
(
3− r + 2 ln r
1− r
)
, (2.13)
B(r) =
1
2(1− r)2
(
1 + r +
2r ln r
1− r
)
. (2.14)
The first and second term in Eq. (2.12) are due to the Feynman diagrams Fig. 1a and Fig. 1b,
respectively. The expressions Im [Γfmj ] are given by:
Im [Γemj ] = Im [YeUj2Vj1]δm1 , (2.15)
Im [Γumj ] = Im [YuVj2Rd˜m1(Uj1Rd˜ ∗m1 − YdUj2Rd˜ ∗m2)] (2.16)
= (1/2)Yu
(
(1− (−1)m cos 2θd˜) Im [Uj1Vj2] + Yd(−1)m sin 2θd˜ Im [Uj2Vj2eiϕd˜]
)
,
and
Im [Γdmj ] = Im [YdUj2Ru˜m1(Vj1Ru˜ ∗m1 − YuVj2Ru˜ ∗m2)] (2.17)
= (1/2)Yd
(
(1− (−1)m cos 2θu˜) Im [Uj2Vj1] + Yu(−1)m sin 2θu˜ Im [Uj2Vj2eiϕu˜ ]
)
.
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B. Neutralino Contribution
The neutralino contribution to the fermion EDM is given by
1
e
dfχ˜0 = −
Qf
8pi
α
sin2 θW
4∑
k=1
2∑
m=1
ηfmk
mχ˜0
k
m2
f˜m
B(
m2
χ˜0
k
m2
f˜m
) (2.18)
where
ηfmk = (−1)m sin 2θf˜ Im [((hfLk)2 − f fLkf f∗Rk)e−iϕf˜ ]
−(1− (−1)m cos 2θf˜ ) Im [hfLkf f∗Lk]
−(1 + (−1)m cos 2θf˜) Im [hfLkf fRk] . (2.19)
C. Gluino Contribution
The gluino contribution to the quark EDM is given by
1
e
dqg˜ = −
2αs
3pi
2∑
k=1
Im [eiϕ3Rq˜k2Rq˜ ∗k1 ]
mg˜
m2q˜k
Qq B(
m2g˜
m2q˜k
)
=
αs
3pi
sin(ϕ3 − ϕq˜) sin 2θq˜
2∑
k=1
(−1)k mg˜
m2q˜k
Qq B(
m2g˜
m2q˜k
) , (2.20)
where αs = g
2
s/4pi and mg˜ is the gluino mass.
D. Quark Chromoelectric Dipole Moment and Gluonic Dimension–Six Operator
The quark chromoelectric dipole moment is defined as the coefficient dˆq in the effective
operator
LC = −(i/2)dˆq q¯σµνγ5(λa/2)q Gaµν . (2.21)
The chromoelectric dipole moment has also chargino, neutralino, and gluino contributions.
They are given by [9]
dˆqχ˜+ = −
gsα
4pi sin2 θW
2∑
m,j=1
Im [Γqmj ]
mχ˜+j
m2q˜m
B(
mχ˜+j
m2q˜m
) , (2.22)
dˆqχ˜0 = −
gsα
8pi sin2 θW
2∑
m=1
4∑
k=1
ηqmk
mχ˜0
k
m2q˜m
B(
mχ˜0
k
m2q˜m
) , (2.23)
and
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dˆqg˜ = −
gsαs
4pi
2∑
k=1
Im [eiϕ3Rq˜k2Rq˜ ∗k1 ]
mg˜
m2q˜k
C(
m2g˜
m2q˜k
)
=
gsαs
8pi
sin(ϕ3 − ϕq˜) sin 2θq˜
2∑
k=1
(−1)k mg˜
m2q˜k
C(
m2g˜
m2q˜k
) , (2.24)
where
C(r) = 3A(r)− (1/3)B(r) . (2.25)
The Wilson coefficient dG of the CP–violating gluonic dimension–six operator is defined
through
LG = −(1/6)dGGµνaGνρb G˜µρcfabc . (2.26)
The leading nontrivial contribution to dG in the MSSM is given by a two–loop diagram
involving top, scalar top, and gluino [9,17]:
dG =
3α2sgsmt
32pi2
sinϕt˜ sin 2θt˜
m2
t˜1
−m2
t˜2
m5g˜
H
(
m2
t˜1
m2g˜
,
m2
t˜2
m2g˜
,
m2t
m2g˜
)
. (2.27)
The definition of the two–loop function H can be found in [17].
E. EDM of electron and neutron
Having defined the contributions from the individual Feynman diagrams, we can now
write down the total EDM of the electron as the sum of neutralino and chargino contribu-
tions:
de = deχ˜+ + d
e
χ˜0 . (2.28)
In order to obtain the EDM of the neutron in terms of the quark EDMs, a specific
description of the neutron as quark bound state is needed. Throughout this paper we use
two different approaches.
1.) The relativistic Quark–Parton Model: In this model, the contributions of the quarks
to the nEDM are given in terms of quantities ∆q [12], which are measured in polarized
lepton–nucleon scattering:
dn = ηE
(
∆ud
d +∆dd
u +∆sd
s
)
, (2.29)
where the individual quark contributions are again given in terms of chargino, neutralino,
and gluino contributions
dq = dqχ˜+ + d
q
χ˜0 + d
q
g˜ . (2.30)
As already stated, the ∆q are the measured contributions of the quark q to the spin of the
proton; to use them for the neutron we have taken advantage of a simple isospin relation. For
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definiteness we use the values given in Ref. [18]: ∆u = 0.746, ∆d = −0.508, and ∆s = −0.226.
The QCD correction factor ηE takes into account that the quark EDM analysis is done at
the electroweak scale and hence has to be evolved down to the hadronic scale with the help
of RGEs. We use ηE = 1.53 as given in Ref. [19].
2.) The Chiral Quark Model: This model is based on the effective chiral quark theory
given in Ref. [13]. The contribution of the quark EDMs to the nEDM is given by the
nonrelativistic SU(6) coefficients
dn = (4/3)dd − (1/3)du . (2.31)
The quark EDMs in this model are given by contributions of all quark and gluon operators
(to leading order in αs) with the proper dimensional rescaling. This yields
dq = ηE(dqχ˜+ + d
q
χ˜0 + d
q
g˜) + η
C e
4pi
(dˆqχ˜+ + dˆ
q
χ˜0 + dˆ
q
g˜) + η
G eΛSB
4pi
dG . (2.32)
ηE, ηC , and ηG are the QCD correction factors due to RGEs, whereas ΛSB is the scale of
chiral symmetry breaking in QCD; we use ηE = 1.53 [19], ηC ≃ ηG ≃ 3.4 (as used in [9]),
and ΛSB ≃ 1.19 GeV [13].
III. DETERMINATION OF THE MSSM PARAMETERS AND PHASES
The formulas for the EDMs, when evaluated in the MSSM with complex parameters in its
most general form, contain too many free parameters. In order to study the constraints of the
EDMs on the phases and mass parameters we have to reduce the number of free parameters
by further theoretical assumptions. Therefore, we assume universality conditions for gaugino,
sfermion, and Higgs mass parameters and the trilinear couplings
M0 :=ME˜i =ML˜i =MD˜i =MQ˜i =MU˜i = mH1 = mH2 , (3.1)
M1/2 :=M1 =M2 =M3 , (3.2)
A0 := Aei = Adi = Aui (3.3)
at the GUT scale MGUT [6], where i = 1, 2, 3 is the generation index. We determine the
parameters at the electroweak scale with the help of the RGEs as given in [20].
At the electroweak scale the following parameters can be complex: the trilinear couplings
Afi , the gaugino mass parameters Mk, and the Higgs parameters µ and B. The product µB
and the gaugino mass parameter M2 can be made real by redefinition of the fields. |µ| and
B are determined by requiring the correct electroweak symmetry breaking:
|µ|2 = (m
2
H1
+∆T1)− (m2H2 +∆T2) tan2 β
tan2 β − 1 −
1
2
m2Z , (3.4)
2µB = (m2H1 +m
2
H2
+ 2|µ|2 +∆T1 +∆T2) sin 2β , (3.5)
where ∆T1,2 denote the leading one–loop corrections to the tadpole equations stemming from
top, scalar top, bottom, and sbottom contributions [20–22]. The phase of µ, ϕµ, remains
a free parameter. ϕµ can be specified at any scale, because it does not evolve with the
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corresponding RGE up to two loops [23]. In order to determine the phases at the electroweak
scale we assume M1/2 real, and A0 and µ complex at the GUT scale. Note that at one–loop
level only the phase difference between the phases of A0 and M1/2 is physically relevant. We
summarize the complex phases entering the mass matrices in Table I.
We use the following procedure for determining the soft SUSY–breaking parameters at
the electroweak scale. We specify the gauge couplings, tan β, and the Yukawa couplings of the
third generation at the electroweak scale. We take A0, M0, M1/2 at MGUT with Eqs. (3.1)–
(3.3) as boundary conditions. The RGEs are given in the DR scheme. We evolve the RGEs
for the gauge couplings at two–loop level from Q = mZ to Q = MGUT which is determined
by the condition g1 = g2. We evolve the RGEs for the Yukawa couplings at the one–loop
level, because they enter the RGEs of the gauge couplings at two–loop level. We take into
account threshold effects by including step functions for the coefficients of the beta functions
(see e.g. [20]). For simplicity we assume that there is no mixing between the generations.
We then evolve the RGEs for the soft SUSY–breaking parameters from MGUT to mZ . The
mass parameters Mj are decoupled from the RGEs if Mj(Q) = Q is satisfied. We calculate
|µ| and B by requiring correct electroweak symmetry breaking Eqs. (3.4) and (3.5). The
corrections are sensitive to the relative phases between the A parameters and µ. This phase
dependence may change |µ| by a few GeV, which is in the range of the error expected by
neglecting the other contributions to the one–loop corrected tadpoles [21,22]. We iterate the
complete procedure until the parameters vary less than 1%.
For the discussion in the next Section it is convenient to have the following approxima-
tions for the parameters at the electroweak scale at hand (the exact formulas for the one–loop
results are given in Appendix D). With αGUT = 1/24 and MGUT = 2.38× 1016 GeV we get:
M2
L˜
≃ M20 + 0.52M21/2 , (3.6a)
M2
E˜
≃ M20 + 0.15M21/2 , (3.6b)
M2
Q˜
≃ M20 + 6.7M21/2 , (3.6c)
M2
U˜
≃ M2
D˜
≃M20 + 6.2M21/2 , (3.6d)
M1 =M
′ ≃ 0.41M1/2 , (3.7a)
M2 =M ≃ 0.82M1/2 , (3.7b)
M3 ≃ 2.82M1/2 , (3.7c)
At ≃ (1− y)A0 − 2M1/2 , (3.8a)
Au ≃
(
1− y
2
)
A0 − 2.8M1/2 , (3.8b)
Ad ≃ A0 − 3.6M1/2 , (3.8c)
Ae ≃ A0 − 0.7M1/2 , (3.8d)
where y varies between 0.85 and 1 for 40 > tan β > 1. Eqs. (3.6a)–(3.6d) are only valid
for the first and second generation. Note that Eqs. (3.8a)–(3.8d) have strong implications
for the A parameters at the electroweak scale. If one takes, for example, M1/2 real and A0
imaginary, A0 = iA, at MGUT then one obtains the values given in Table II.
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IV. EDM ANALYSIS WITHIN MSUGRA
In this Section we investigate the EDM of electron and neutron in the framework of
mSUGRA with complex parameters. As outlined in Sec. III, this model is completely speci-
fied by six parameters: M0, M1/2, |A0|, tanβ and the phases ϕA0 and ϕµ. The experimental
bounds obtained in [1] are |de| ≤ deexp = 4.3× 10−27 ecm and |dn| ≤ dnexp = 1.1× 10−25 ecm.
For the eEDM we have two supersymmetric contributions stemming from neutralino
and chargino exchange, Figs. 1a and 1b, respectively. The chargino contribution depends
explicitly on the phase ϕµ, the dependence on ϕA0 comes only through the RGEs and is
very weak. The neutralino contribution depends explicitly on ϕµ and ϕA0 . In the major
part of the parameter space the chargino contribution dominates. The reasons are: (i) The
loop function A(r), Eq. (2.13), entering in the chargino contribution, is larger than B(r),
Eq. (2.14), which enters the neutralino contribution. (ii) The neutralino contribution is
proportional to the selectron mixing angle sin 2θe˜, which is usually rather small.
In Fig. 2 we show deχ˜0, the neutralino contribution of the eEDM, as a function of the
CP–violating phases ϕµ and ϕA0 with the other parameters fixed: M0 = 150 GeV, M1/2 =
200 GeV, |A0| = 450 GeV, and tan β = 3. As can be seen, the neutralino contribution alone
already exceeds the experimental limit. The calculated eEDM is below the experimental limit
only if cancellations between chargino and neutralino contributions occur. In this case the
eEDM depends significantly on the phase ϕA0 if either |ϕµ| ≪ |ϕA0| or |Ae| & |µ| tanβ. In the
first case the chargino contribution is small because it is proportional to sinϕµ, therefore, the
neutralino contribution can be of the same order of magnitude as the chargino contribution.
In the second case the relevant phase in the neutralino contribution is determined by the
off–diagonal element of the selectron mixing matrix Eq. (A5). In the mSUGRA model the
absolute value of µ is fixed by the condition of radiative electroweak symmetry breaking
Eq. (3.4). It turns out that |µ| has always roughly the same order of magnitude as |Ae| in
the parameter region considered. Note that the neutralino contribution depends not only
on the phase of (Ae − µ∗ tanβ), Eq. (A5), but also directly on ϕµ via the neutralino mixing
matrix, as can be seen in Eqs. (2.19), (2.9c)–(2.11b).
Due to the cancellation mechanism between chargino and neutralino contribution it is
not straightforward to conclude which mSUGRA parameter values and phases are excluded
by the experimental upper bound of the eEDM. To answer this question we show in Fig. 3
the regions in theM0-M1/2 plane that are allowed by the experimental limit on the eEDM for
different values of the phase ϕµ. In doing so we have taken ϕA0 = pi/2, which is the maximal
phase difference between M1/2 and A0 at the GUT scale, tan β = 3, and |A0| = 3M0. For
example, choosing ϕµ = −0.1, the region in the M0-M1/2 plane to the left of the dashed–
dotted line is excluded. As can be seen, the parametersM0 = 120 GeV andM1/2 = 160 GeV
are allowed and give relatively light SUSY particle masses (for illustration: mχ˜0
1
= 58 GeV,
mχ˜±
1
= 106 GeV, mν˜e = 157 GeV, me˜1 = 160 GeV, me˜2 = 163 GeV). Taking ϕµ = −0.54,
only values of (M1/2,M0) to the right of the solid line are allowed which, for example,
means M1/2 & 0.9 TeV if M0 = 1.5 TeV or M1/2 & 1.5 TeV if M0 = 0.7 TeV. In this
case rather heavy SUSY particles are predicted, (i. e. mχ˜0
1
> 398 GeV, mχ˜±
1
> 764 GeV,
mν˜e > 1170 GeV, me˜1 > 1073 GeV, me˜2 > 1171 GeV). The bending in the dotted line
for ϕµ = −0.18 is caused by the cancellation mechanism between chargino and neutralino
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contributions. The grey area is excluded, because the condition of radiative electroweak
symmetry breaking is not fulfilled.
Up to now we have only considered the eEDM. Now we consider the eEDM and the
nEDM simultanously. Taking into account also the experimental upper limit on the nEDM
will enlarge the excluded parameter region. The predicted value for the nEDM depends
strongly on the neutron model which relates the nEDM to the EDM of its constituents. To
demonstrate this fact we calculate the nEDM in the Quark–Parton Model and in the Chiral
Quark Model as described in Sec. II E. Also for the nEDM to fulfill the experimental bounds
it is necessary that strong cancellations between the different contributions occur.
Another way to show the systematics of these cancellations is to plot the allowed region
in the ϕµ-ϕA0 plane. In the Figs. 4, 5, and 8 we consider rather small mSUGRA parame-
ters: M0 = 150 GeV, M1/2 = 200 GeV, |A0| = 450 GeV, and tanβ = 3. In all ϕµ-ϕA0 plots
(Figs. 4, 7, and 8), the allowed values of the phases are within the small bands between
the lines. In Figs. 4, 6, 7, and 8 we discuss the eEDM together with the nEDM. As can
be seen from the dotted lines for the allowed region of the eEDM in Figs. 4a and 4b, ϕµ is
bounded, |ϕµ| . 0.1, whereas ϕA0 is essentially unrestricted. However, the two phases have
to be strongly correlated: for every ϕA0 , ϕµ can only vary in an interval ∆ϕµ . 0.01. Taking
into account only the chargino contribution, one would obtain the restriction |ϕµ| . 0.01.
In Fig. 4a we show the experimentally allowed regions for the eEDM and the nEDM,
calculated in the Quark–Parton Model. For the paramters chosen and the measured spin
densities of the proton [18] ∆u = 0.746, ∆d = −0.508, and ∆s = −0.226, the allowed band
in the ϕµ-ϕA0 plane of the nEDM lies within the allowed band of the eEDM. In this case
the nEDM is more restrictive. For the values of the spin densities taken, the nEDM and the
eEDM have opposite signs. In Fig. 4b we plot the allowed band in the ϕµ-ϕA0 plane of the
nEDM, calculated in the Chiral Quark Model, and compare it to the eEDM. They have the
same sign. As one can see, in this case only a very small region of the parameter space is not
excluded by experiment: |ϕµ| . 0.01 and |ϕA0| . 0.15. (All phases have to be understood
modulo pi.)
In Figs. 5a and 5b we demonstrate the cancellation effects that play an essential role in the
calculation of the nEDM. We choose the relation ϕµ = −(pi/30) · sinϕA0, which guarantees
that the nEDM calculated in the Quark–Parton Model fulfills the experimental bound. We
show the different contributions to the nEDM for the same parameters as in Fig. 4a. In
Fig. 5a we show the corresponding chargino, neutralino, and gluino contributions. As can be
seen, there is a strong cancellation between chargino and gluino contributions: each of the
two contributions is approximately 18 times bigger than the whole nEDM. In Fig. 5b we show
the up, down, and strange quark contributions to the nEDM. Again, cancellations between
the individual quark contributions occur. It turns out, that the strange quark contribution
is the most important one, as noted in [12]. Therefore, it may turn out that an accurate
measurement of the nEDM can also become a test of the spin structure of the neutron in
the Quark–Parton Model.
In the Chiral Quark Model the cancellations occur for up and down quark seperately.
There are large cancellations between dnχ˜+ and d
n
g˜ , between dˆ
n
χ˜+ and dˆ
n
g˜ , and also between
the resulting sums of this cancellations (see Eq. (2.32)). The purely gluonic dimension–six
operator does not exceed the experimental limit by itself, however, it can further reduce the
total nEDM. For the eEDM the cancellation between chargino and neutralino contribution
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exhibits the same behaviour as shown in Fig. 5a, where the neutralino contribution in the
eEDM plays the same role as the gluino contribution in the nEDM.
In Figs. 6a and 6b we show the regions in the M0-M1/2 plane which are excluded by
simultanous consideration of the experimental limits on eEDM and nEDM. Fig. 6a is for the
Quark–Parton Model and Fig. 6b is for the Chiral Quark Model. In both plots we choose
the following values for the phases: ϕA0 = −pi/10 (dashed lines), ϕA0 = pi/5 (dotted lines),
ϕA0 = pi/2 (dashed–dotted lines), ϕµ = −pi/10 (thin lines), and ϕµ = −pi/30 (thick lines).
Only values of (M1/2,M0) to the right of the corresponding lines are allowed by eEDM
and nEDM simultanously. In Fig. 6a there are only four lines, because for ϕµ = −pi/10,
ϕA0 = −pi/10 and ϕµ = −pi/10, ϕA0 = pi/5 the parameter region M0,M1/2 . 1.5 TeV is ex-
cluded by experiment. The Quark–Parton Model is in general more restrictive than the
Chiral Quark Model. However, in the Quark–Parton Model much smaller pairs of mass pa-
rameters are allowed, for example M0 = 150 GeV and M1/2 = 200 GeV. As can be seen, the
strongest cancellation effects are found for |ϕA0 | = pi/2 and signϕA0 = − signϕµ. This is also
observed in [11]. If ϕA0 and ϕµ have the same sign, the exclusion is more or less indepentent
of M0.
Our numerical investigation of the nEDM includes the contributions of the one–loop
gluino, chargino and neutralino exchange diagrams for the electric dipole operators. In the
Chiral Quark Model we also include the chromoelectric dipole operators and the contri-
bution of the purely gluonic dimension–six operator. In the following we want to discuss
qualitatively which contributions are important to understand the behavior of the nEDM
and its dependence on the mSUGRA parameters.
The dominant contributions to the nEDM come from the chargino and gluino exchange
diagrams of the quark EDMs. It is remarkable that the chargino contribution is almost
independent of the phase ϕA0. This is due to the fact that the second terms of Eqs. (2.16)
and (2.17) are suppressed by the Yukawa couplings Yu,d which are very small for light
quarks. The gluino contribution, Eq. (2.20), depends on both phases, ϕµ and ϕA0 , since it
is proportional to the off–diagonal element of the squark mass matrix, mq (Aq − µ∗Θ(β)),
(see Eqs. (A1) and (A5)). The neutralino contributions to the quark EDMs are very small
in contrast to the eEDM.
In the Chiral Quark Model the down quark contribution is the most important one,
because the EDM is proportional to (4dd − du). Moreover, for the chargino contribution
we have Yd = (md/mu) tanβ Yu & 6Yu if tanβ & 3. The gluino contribution to the down
quark is proportional to md Im [Ad − µ∗ tan β], whereas the up quark EDM contains the
factor mu Im [Au − µ∗ cot β]. Taking into account that |µ| and |Aq| have the same order of
magnitude, we make the following observations: The down quark EDM depends mainly on
µ. The up quark EDM is dominated by the term proportional to Au and is suppressed by a
factor (mu/md) cotβ compared to the down quark term.
The chromoelectric contributions (see Sec. IID) are suppressed by a factor gs/(4pi) com-
pared to the electric dipole operator and, in general, they are less important. In the case
where M0 > M1/2 the loop function C, Eq. (2.25), entering dˆ
q
g˜, Eq. (2.24), can compensate
this suppression factor gs/(4pi). It also turns out that the contribution of the purely gluonic
dimension–six operator is very small in the parameter region considered.
In order to see how the restrictions on ϕµ and ϕA0 depend on the other parameters we
also discuss a scenario with |A0| = M0. In Fig. 7 we show regions in the ϕµ-ϕA0 plane,
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allowed by the experimental bounds on eEDM and nEDM in this case. We calculate the
nEDM in the Quark–Parton Model with |A0| =M0 = 150 GeV and the other parameters
as in Fig. 4a. We find that the phase ϕA0 is less important than in the previous scenario
(|A0| = 3M0). The allowed values of ϕµ are reduced roughly by a factor 1/3 compared to
Fig. 4a, thereby suggesting a linear dependence of the allowed values on |A0| keeping the
other parameters fixed. Furthermore, the value of tan β effects the results in a similar way,
because it enters in the off–diagonal element of the sfermion mixing matrix, Eqs. (A1)–(A6).
This element is only important for the gluino contribution to the nEDM and the neutralino
contribution to the eEDM. As can be seen in Fig. 7, the bands in the ϕµ-ϕA0 plane, allowed
by the eEDM and the nEDM in the Quark–Parton Model, overlap similarly as in Fig. 4a.
In order to study the restrictions imposed by the universality conditions at the GUT
scale, we modify the universality condition for the gaugino mass parameters, Eq. (3.2). We
still assume M1/2 := M1 = M2 = |M3|, but introduce an additional phase ϕ3 for the mass
parameter M3 at the GUT scale. We show in Fig. 8 the bands in the ϕµ-ϕA0 plane, allowed
by the eEDM and the nEDM in the Quark–Parton Model, where we take for ϕ3 the values 0,
pi/10, and pi/5. We take the other parameters as in Fig. 4a. The eEDM depends on ϕ3 only
via the RGEs, therefore, this dependence is very weak. Comparing the band of the eEDM
(dotted line) with the bands of the nEDM for values of ϕ3 different from zero, one can see
that ϕ3 is strongly restricted by experiment. A further possibility would be to introduce
an additional phase ϕ1 for the U(1) gaugino mass parameter M1. This phase will enter the
eEDM and the nEDM. It is expected that ϕ1 will change the restrictions on ϕ3 in a similar
way as the phase ϕA0 changes the restrictions on ϕµ.
V. SUMMARY
We have studied the eEDM and the nEDM in the framework of mSUGRA with complex
parameters. We have found that ϕµ is strongly restricted by the experimental bounds. More-
over, we have found that the phases ϕµ and ϕA0 have to be strongly correlated, in particular
for small values of the SUSY mass parameters, so that strong cancellations between the dif-
ferent contributions occur. For the experimentally allowed values of the eEDM, the chargino
contribution has to be cancelled by the neutralino contribution. The nEDM is dominated
by the chargino and gluino contributions. The predictions for the nEDM depend very sensi-
tively on the model which is used for the neutron. We have used the Quark–Parton Model
and the Chiral Quark Model to calculate the nEDM. We have presented parameter regions
in the M0-M1/2 plane which are excluded by simultanous consideration of the experimental
bounds on the eEDM and the nEDM for different values of the phases ϕµ and ϕA0.
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APPENDIX A: SFERMION MASS MATRIX
The sfermion mass matrices are given by
M2
f˜
=
(
M2
f˜LL
e−iϕf˜M2
f˜LR
eiϕf˜M2
f˜LR
M2
f˜RR
)
, (A1)
where
M2
f˜LL
=M2
Lf˜
+ (T 3I −Qf sin2 θW ) cos 2β m2Z +m2f , (A2)
M2
f˜RR
=M2
Rf˜
+Qf sin
2 θW cos 2β m
2
Z +m
2
f , (A3)
M2
f˜LR
= mf |Af − µ∗Θ(β)| , (A4)
ϕf˜ = arg[Af − µ∗Θ(β)] , (A5)
with
Θ(β) =
{
cot β for T 3I =
1
2
tan β for T 3I = −12
. (A6)
The eigenvalues are given by
2m21,2 = (M
2
f˜LL
+M2
f˜RR
)∓
√
(M2
f˜LL
−M2
f˜RR
)2 + 4(M2
f˜LR
)2 , (A7)
with m21 ≤ m22. We parametrize the mixing matrix Rf˜ so that(
f˜1
f˜2
)
= Rf˜
(
f˜L
f˜R
)
=
(
e
i
2
ϕ
f˜ cos θf˜ e
− i
2
ϕ
f˜ sin θf˜
−e i2ϕf˜ sin θf˜ e−
i
2
ϕ
f˜ cos θf˜
)(
f˜L
f˜R
)
, (A8)
where ϕf˜ is given in Eq. (A5) and
cos θf˜ =
−M2
f˜LR
∆
≤ 0 , sin θf˜ =
M2
f˜LL
−m21
∆
≥ 0 ,
∆2 = (M2
f˜LR
)2 + (m21 −M2f˜LL)
2 . (A9)
APPENDIX B: CHARGINO MASS MATRIX
The chargino mass matrix
M χ˜
+
αβ =
(
M mW
√
2 sin β
mW
√
2 cos β µ
)
(B1)
can be diagonalized by the biunitary transformation
U∗jαM
χ˜+
αβ V
∗
kβ = mχ˜+
j
δjk , (B2)
where U and V are unitary matrices such that mχ˜+j are positiv and mχ˜
+
1
< mχ˜+
2
.
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APPENDIX C: NEUTRALINO MASS MATRIX
We define Nαj as the unitary matrix which makes the complex symmetric neutralino
mass matrix diagonal with positiv diagonal elements:
NαjM
χ˜0
αβNβk = mχ˜0j δjk , (C1)
where mχ˜0j < mχ˜0k for j < k. In the basis [24]:
ψα = {−iγ˜,−iZ˜, H˜a, H˜b} , (C2)
the complex symmetric neutralino mass matrix has the form
M χ˜
0
αβ =


mγ˜ maz 0 0
maz mz˜ mZ 0
0 mZ µ sin 2β −µ cos 2β
0 0 −µ cos 2β −µ sin 2β

 , (C3)
where
mγ˜ =M sin
2 θW +M
′ cos2 θW ,
mz˜ =M cos
2 θW +M
′ sin2 θW , (C4)
maz = sin θW cos θW (M −M ′) .
APPENDIX D: SOLUTIONS OF THE ONE–LOOP RGES
The solutions of the one–loop RGEs (as given in [20]) for the soft SUSY–breaking pa-
rameters are given by
Mi(t) =
M1/2
1 + βit
(D1)
M2
E˜1
(t) =M20 +
αGUTM
2
1/2
4pi
6
5
f1(t) (D2)
M2
L˜1
(t) =M20 +
αGUTM
2
1/2
4pi
(
3
2
f2(t) +
3
10
f1(t)
)
(D3)
M2
D˜1
(t) =M20 +
αGUTM
2
1/2
4pi
(
8
3
f3(t) +
2
15
f1(t)
)
(D4)
M2
U˜1
(t) =M20 +
αGUTM
2
1/2
4pi
(
8
3
f3(t) +
8
15
f1(t)
)
(D5)
M2
Q˜1
(t) =M20 +
αGUTM
2
1/2
4pi
(
8
3
f3(t) +
3
2
f2(t) +
1
30
f1(t)
)
(D6)
At(t) =
A0
1 + 6Yt(0)F (t)
−M1/2
(
H1(t)− 6Yt(0)H2(t)
1 + 6Yt(0)F (t)
)
(D7)
15
Au(t) =
1
2
(
A0 + At(t)−M1/2H1(t)
)
(D8)
Ad(t) = A0 −
αGUTM1/2
4pi
(
16
3
j3(t) + 3j2(t) +
7
15
j1(t)
)
(D9)
Ae(t) = A0 −
αGUTM1/2
4pi
(
3j2(t) +
9
5
j1(t)
)
(D10)
with
t = ln(MGUT/Q)
2 (D11)
βi =
αGUT
4pi
bi (D12)
fi(t) =
1
βi
(
1− 1
(1 + βit)2
)
(D13)
ji(t) =
t
1 + βit
(D14)
Yt(t) =
h2t (t)
(4pi)2
(D15)
E(t) = (1 + β3t)
16
3b3 (1 + β2t)
3
b2 (1 + β1t)
13
9b1 (D16)
F (t) =
∫ t
0
E(s)ds (D17)
H1(t) =
αGUT
4pi
(
16
3
j3(t) + 3j2(t) +
13
15
j1(t)
)
(D18)
H2(t) = tE(t)− F (t) (D19)
where b1 = 11, b2 = 1, and b3 = −3. Some of the equations can be found in [25].
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FIG. 1. The Feynman diagrams that contribute to the EDMs.
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FIG. 2. Ratio of the neutralino contribution deχ˜0 and the experimental limit d
e
exp of the electron
EDM as a function of the phases ϕµ and ϕA0 . The mSUGRA parameters are M0 = 150 GeV,
M1/2 = 200 GeV, |A0| = 450 GeV, and tan β = 3.
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FIG. 3. Boundaries of the areas in the M0-M1/2 plane excluded by the electron EDM, for the
phases ϕA0 = pi/2, and ϕµ = −0.54 (solid line), ϕµ = −0.31 (dashed line), ϕµ = −0.18 (dotted line),
ϕµ = −0.1 (dashed–dotted line). The areas to the left of the corresponding lines are excluded. The
mSUGRA parameters are |A0| = 3M0 and tan β = 3. In the grey area the condition of radiative
electroweak symmetry breaking is not fulfilled.
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FIG. 4. Bands in the ϕµ-ϕA0 plane allowed by the electron EDM (dotted line) and neutron EDM
(solid line). The mSUGRA parameters are M0 = 150 GeV, M1/2 = 200 GeV, |A0| = 450 GeV, and
tan β = 3. The neutron EDM is calculated in the Quark–Parton Model (a) and in the Chiral Quark
Model (b).
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FIG. 5. Cancellations of the various contributions to the neutron EDM in the Quark–Parton
Model, taking the relation ϕµ = −(pi/30) · sinϕA0 . The mSUGRA parameters are M0 = 150 GeV,
M1/2 = 200 GeV, |A0| = 450 GeV, and tan β = 3. (a) shows the chargino contribution dnχ˜+ (dashed
line), neutralino contribution dnχ˜0 (dotted line), gluino contribution d
n
g˜ (dashed–dotted line), and
the whole neutron EDM dn (solid line). (b) shows the up quark contribution du (dashed line),
down quark contribution dd (dotted line), strange quark contribution ds (dashed–dotted line), and
the whole neutron EDM dn (solid line).
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FIG. 6. Boundaries of the areas in the M0-M1/2 plane allowed simultanously by the electron
EDM and the neutron EDM. The neutron EDM is calculated in the Quark–Parton Model (a) and
in the Chiral Quark Model (b). The phases are chosen as ϕA0 = −pi/10 (dashed lines), ϕA0 = pi/5
(dotted lines), ϕA0 = pi/2 (dashed–dotted lines), and ϕµ = −pi/10 (thin lines), ϕµ = −pi/30 (thick
lines). The areas to the left and below the corresponding lines are excluded. The mSUGRA pa-
rameters are |A0| = 3M0 and tan β = 3. In the grey area the condition of radiative electroweak
symmetry breaking is not fulfilled. In (a) the whole parameter region is excluded for ϕµ = −pi/10,
ϕA0 = −pi/10 and ϕµ = −pi/10, ϕA0 = pi/5.
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FIG. 7. Bands in the ϕµ-ϕA0 plane allowed by the electron EDM (dotted line) and
neutron EDM (solid line). The mSUGRA parameters are M0 = 150 GeV, M1/2 = 200 GeV,
|A0| =M0 = 150 GeV, and tan β = 3. The neutron EDM is calculated in the Quark–Parton Model.
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FIG. 8. Bands in the ϕµ-ϕA0 plane allowed by the electron EDM (dotted lines) and neutron
EDM, calculated in the Quark–Parton Model, for ϕ3 = 0 (solid lines), ϕ3 = pi/10 (dashed lines), and
ϕ3 = pi/5 (dashed–dotted lines). The mSUGRA parameters are M0 = 150 GeV, M1/2 = 200 GeV,
|A0| = 450 GeV, and tan β = 3.
22
TABLES
TABLE I. Phases occuring in the mass matrices at the electroweak scale and at the GUT scale.
mass matrix electroweak scale GUT scale
M2u˜ ϕu˜ = arg[Au − µ∗ cot β] ϕA0 , ϕµ
M2
d˜
ϕd˜ = arg[Ad − µ∗ tan β] ϕA0 , ϕµ
M2e˜ ϕe˜ = arg[Ae − µ∗ tan β] ϕA0 , ϕµ
M χ˜
+
ϕµ ϕµ
M χ˜
0
ϕµ ϕµ
TABLE II. Values of the phases at the electroweak scale for M1/2 real and A0 = iA imaginary
at the GUT scale when A = xM1/2.
x ϕAt |y=0.85(1) ϕAu |y=0.85(1) ϕAd ϕAe
0.1 −0.007 (0) −0.021 (−0.018) −0.0278 −0.142
1 −0.075 (0) −0.203 (−0.177) −0.271 −0.960
10 −0.644 (0) −1.236 (−1.190) −1.207 −1.501
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